S P E C I A L N umerical models are the primary predictive tools for understanding the dynamic behaviour of the Antarctic ice sheet. However, a key boundary parameter, sub-glacial heat flow, remains poorly constrained. We show that variations in abundance and distribution of heatproducing elements within the Antarctic continental crust result in greater and more variable regional sub-glacial heat flows than currently assumed in ice modelling studies. Such elevated heat flows would have a fundamental effect on ice sheet behaviour and highlight that geological controls on heat flow must be considered to obtain more accurate and refined predictions of ice mass balance and sea-level change.
. This sub-glacial heat flow is from geothermal sources and is the sum of the amount of heat supplied to the conductive lithosphere from the convective mantle and the heat generated within the lithosphere from the radiogenic decay of the heat-producing elements (HPEs), primarily U, Th and k (Turcotte & Schubert 2002) . The HPEs are incompatible in mantle rocks and are preferentially fractionated, by various geological processes, into dominantly felsic rocks of the upper continental crust (e.g. Sandiford & McLaren 2002) . The distribution of HPEs varies spatially and temporally within the crust, meaning that there are local and regional-scale geological controls on sub-glacial heat flow.
Elevated sub-glacial heat flow can: (1) affect ice rheology and viscosity; (2) facilitate local pressure melting of the basal ice resulting in mechanical decoupling of the basal ice-rock interface, the formation of sub-glacial meltwater, basal hydrological networks and sub-glacial lakes; (3) promote development of easily deformed water-saturated basal till and other unconsolidated sediments (e.g. Greve & Hutter 1995; Siegert 2000) . These factors can facilitate ice surging and ice stream flow (e.g. Greve 2005; Pollard et al. 2005; Llubes et al. 2006) . For example, näslund et al. (2005) showed that a modest 17% increase in average sub-glacial heat flow beneath the Fennoscandian ice sheet would facilitate local ice sheet mobilization and ice streaming from a 40% increase in basal melt production.
The Antarctic ice sheet is divided into the West Antarctic ice sheet and the East Antarctic ice sheet along the axis of the Transantarctic Mountains (Fig. 1a) . Sub-glacial heat flow beneath the West Antarctic ice sheet is elevated owing to active rifting and volcanism; direct borehole heat flow measurements from McMurdo Sound and western ross Sea are between 60 and 164 mW m −2 (e.g. Schröder et al. 2011) . In contrast, sub-glacial heat flow beneath the East Antarctic ice sheet has not been measured directly and 'global average' values for stable continental crust, typically between c. 42 and 65 mW m −2 , have been assumed (e.g. Sclater et al. 1980; Pollard et al. 2005; Llubes et al. 2006) . Alternatively, sub-glacial heat flow has been estimated using low-resolution remotely sensed data such as global seismic tomography (Shapiro & ritzwoller 2004) or satellite-based geomagnetic observations (Fox Maule et al. 2005) . These methods also yield similar estimates c. 50-60 mW m −2 but explicitly assume a thermally homogeneous crust in which the primary control on heat flow is the variation in the mantle contribution as a function of crustal thickness. These approaches do not account for any possible thermal effect of crustal rocks enriched in heat-producing elements.
We show, using two geologically unrelated examples, from the George V Land-Terre Adélie region and eastern Prydz Bay, East Antarctica (Fig. 1a) , that heat flow in East Antarctica is highly heterogeneous and profoundly influenced by the presence and variable distribution of crustal rocks enriched in heat-producing elements. Furthermore, we suggest that for numerical ice sheet modelling simplified sub-glacial heat flow estimates that ignore the crustal contribution to surface heat flow, and its variability, may be inappropriate.
The Mawson continent and the South Australian Heat Flow
Anomaly. Prior to the breakup of Gondwana, the Gawler and Curnamona cratons of South Australia and Terre Adélie and George V Land of East Antarctica are thought to have been contiguous, forming a crustal entity known as the Mawson Craton ( Fig. 1b ; Fanning et al. 1996; Boger 2011; Gibson et al. 2013) . Despite recognition of the striking geological similarities between outcrops along the Terre Adélie and George V Land coast and the Gawler Craton (e.g. Peucat et al. 2002 ) the full sub-glacial extent of the Mawson Craton remains unknown, although available geophysical data indicate that the craton may extend as much as 800 km into the interior of the Antarctic (Finn et al. 2006) . recognizing this connection is important for understanding the thermal conditions beneath the East Antarctic ice sheet because the Australian component of the Mawson Craton is characterized by domains of high modern-day surface heat flow. Such high heat flow domains include the regional South Australian Heat Flow Anomaly (Fig. 1c) and the broader continental-scale Central Australian Heat Flow Province (Sass & Lachenbruch 1979) (Fig. 1d) , which have an average heat production of 5-9 μW m −3 (compare the global average granitic heat production of 2.5 μW m −3 ; e.g. rybach 1976); this average includes the voluminous and areally extensive Mesoproterozoic Gawler range Volcanics and granites of the Hiltaba Suite (Fig. 1b) , samples of which have been recovered from moraine fields in Terre Adélie (Peucat et al. 2002) . Further support for the presence of elevated sub-glacial heat flow beneath Terre Adélie and George V Land is provided by the study of sub-glacial lakes by Siegert & Dowdeswell (1996) . Those researchers concluded that to induce local basal ice pressure melting and form the observed sub-glacial lakes in Terre Adélie and George V Land (Siegert & Dowdeswell 1996, p. 502, fig. 1 ), 25-50 mW m −2 of geothermal heat, in addition to the assumed basal heat flow of c. 54 mW m −2 , is required. This implies a sub-glacial heat flow of c. 79-104 mW m −2 , a value that closely matches that of the South Australian Heat Flow Anomaly. Although Siegert & Dowdeswell (1996) concluded that the additional heat required for basal melting is derived from internal ice deformation and shearing, they also acknowledged the possibility of an elevated geothermal heat flow. We suggest that given the likely extension of HHP rocks of the South Australian Heat Flow Anomaly into the Terre Adélie and George V Land region, this possibility is highly likely and one that has not previously been considered for estimates of sub-glacial heat flow there (e.g. Pollard et al. 2005) .
recognizing that the HHP crustal rocks and elevated heat flow characteristics of the South Australian Heat Flow Anomaly extend into the Antarctic continent emphasizes the inherent thermal heterogeneity of continental crust; this must be acknowledged if realistic and useful estimates of heat flow within Antarctica are to be developed. It also illustrates the importance of understanding the sub-glacial basement geology and its potential impact on the cryosphere, and the valuable insight that can be gained from examination of adjacent Gondwana crustal fragments for understanding sub-glacial heat flow. GEoTHErMAL HEAT FLoW In EAST AnTArCTICA 11 offshore islands (Fig. 2a) . Prior to the breakup of Gondwana, the Prydz Bay area is thought to have been juxtaposed with the eastern coastline of India (e.g. Boger 2011) and is unrelated to the previous example (Fig. 1a) . The Vestfold Hills comprise mostly neoarchaean orthogneisses and paragneisses (e.g. Sheraton et al. 1984 ) whereas south of the Sørsdal Glacier (Fig. 2a) , the Prydz Bay coastline comprises Palaeo-to Mesoarchaean and Palaeoproterozoic rocks (e.g. kinny et al. 1993), which, unlike the Vestfold Hills, were profoundly affected by both neoproterozoic and Cambrian granulite-facies tectonothermal events, and intruded by felsic Cambrian granites. Table 1 is a summary of heat production data calculated using measured U, Th and k 2 o contents of outcrop samples (Carson & Pittard 2012 ) along the Prydz Bay transect (Fig. 2a) . The data illustrate the generally low heat production of Vestfold Hills rocks (c. 0.4 μW m −3 ) and of the Proterozoic and Archaean rocks exposed in the rauer Islands (c. 1.5 μW m −3 ) and in southern Prydz Bay (c. 2.4 μW m −3 ). In contrast, Cambrian-aged granites have significantly elevated (median c. 13 μW m −3 ) and variable, heat production values (c. 4-66 μW m −3 ), principally owing to elevated Th concentrations. We note that Cambrian granites and pegmatites elsewhere in East Antarctica, such as the Denman Glacier region, also have elevated heat production (Carson & Pittard 2012) .
To explore the implications of the presence of these HHP Cambrian intrusive rocks on regional heat flow, we constructed a 2D model of the gross geometry of the continental lithosphere for a section through Prydz Bay (Fig. 2a) . As detailed seismic data are not yet available, our section is necessarily simplified but includes all key geological components. The distribution of HHP granites is based on their known outcrop distribution and heat production values are from Carson & Pittard (2012) . The resultant surface heat flow distribution was calculated using the finite-element analysis modelling software CoMSoL Multiphysics (v4.2).
Heat flow modelling (Fig. 2b) (Fig. 2b) . We emphasize that our heat flow estimates for Prydz Bay probably represent minimum values, as we conservatively use only the known surface extent of the HHP Cambrian granites. We speculate that the HHP granites may be more widespread beneath the modern ice cover, as aeromagnetic data (e.g. 'Amery Lineament' of Golynsky et al. 2002) in southern Prydz Bay show rounded high response magnetic anomalies coincident with surface outcrops of the HHP granites that may represent large, unexposed, HHP intrusive provinces. The approximate boundaries of these anomalies are indicated in Figure 2a . Importantly, the local high heat flow associated with volumetrically small HHP Cambrian intrusive rocks and the higher heat flow in granite-dominated domains are both significantly higher than values normally assumed for the East Antarctic continental crust. notably, both the magnitude and, in particular, the variability of the sub-glacial heat flow calculated here for sections of the Prydz Bay coast are not predicted by the low-resolution conti- nent-scale heat flow estimates of Shapiro & ritzwoller (2004) and Fox Maule et al. (2005) , which show uniform values of heat flow of c. 60 mW m −2 over much of East Antarctica. our calculations predict marked regional thermal variability of the continental crust and highlight the likelihood of heterogeneity of sub-glacial heat flow in East Antarctica. Furthermore, the heat flow modelling presented here highlights the need for geophysical delineation of the location and distribution of sub-glacial Cambrian-aged orogenic terranes, associated HHP granites and potential elevated regional heat flow. This information will be critical to develop a better understanding of the regional heat flow characteristics of the Antarctic crust and the potential impact on numerical ice sheet models of the Antarctic ice sheet.
Conclusions. The East Antarctic continental crust is characterized by elevated geothermal heat flow that varies spatially on local and regional scales. Tectonic reconstructions provide a valid connection with documented high heat flow domains in southern Australia. In addition, heat flow modelling in Prydz Bay indicates that local crustal heat flow in East Antarctica can be as much as 2-3 times higher than the 'normal' stable continental values used in ice dynamics modelling. our study has demonstrated that there are significant variations in heat production of surface rocks, which imply remarkable variation in heat flow (>150%) over comparatively short horizontal length scales (10-100 km). Although detailed assessment of the sub-glacial heat flow field also requires an understanding of crustal thermal conductivity variations and the vertical and lateral extent of HHP rocks, the assumption that the crust is thermally homogeneous, as used by remotely sensed continental-scale heat flow mapping techniques, is clearly inappropriate, and it is critical that both local and regional geology are considered in ice modelling studies.
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